We describe how to assay plasma total CO2 automatically, discretely, and highly specifically by infrared absorption spectrometry.
continuous-flow methods, requires that plasma specimens wait for as long as an hour on a sample carrier before being analyzed, and this has been a major problem with automated CO2 systems.
In a previous report, we showed how a system for automatically sampling from capillaries sealed within a block, either by a continuous-flow system or by a discrete system of analysis, was applied successfully to the determination of alkaline phosphatase, creatinine, phosphorus, and uric acid, as examples (12) . In the present paper (11), this apparatus is applied to the analysis of total CO2. Between the time at which the plasma is sampled in disposable capillaries and the time at which the sample is analyzed, the specimen is protected from exposure to air by being sealed within an enclosed block. The contents of the capifiary are washed into an incubation vessel with dilute sulfuric acid to liberate the CO2. This evolved CO2 is swept by an inert gas to the detection system, where it is quantitated by measuring the absorbance of CO2 in the infrared region (4.27 sm). The entire apparatus is fully automated.
Materials and Methods

Apparatus
Block: A solid Lucite block was made having dimensions 10 X 3 X 1 inch (Figure 1 ). Forty capillary beds, '/i6-inch bore, were drified through the block from one end to the other. Through each hole, a glass capillary can be inserted, so that all 40 capillaries lie parallel to each other, in the same plane. As an alternative, the holes are drilled to -inch bore and inserts of FEP tubing with a 4'j6-inch bore are inserted in the holes.
Block shield: A polycarbonate sleeve was made, which slides over the block easily but which also provides a firm fit around the sides of the block, shielding the capillary holes. On the inside of the sleeve, Teflon tape is sealed so that the sleeve will slip off smoothly ( Figure  1 ).
Block drive: A track for the block was constructed of angle aluminum, which holds the block rigidly in place until receiving an electrical signal from the sequencer (Figure 2 ). At the signal, a drive motor (M2) turning a chain is activated, which moves the block forward a distance equal to the horizontal spacing between capillary beds in the block. Attached to the block-advance mechanism is a sealing system, consisting of spring-loaded Teflon nipples, fitted with 0-rings, which are mounted in flat plates on both sides of the block, as shown in Figure 1 . As the block is sequentially moved in position, the nipples move back, maintaining tight contact between the 0-rings and block. A solution can enter through the inlet tube communicating with the nipple. On the other side of the block, the solution passes through the exit nipple to the outlet tubing.
Sequencer:
The control mechanism that regulates the periodic sequencing of electrical events is shown in Figure 2 . The reaction vessel consists of a 10-ml Erlenmeyer flask to which two side-arms are attached at an angle. To the two side-arms is attached Tygon tubing, which permits the entry and exit of a stream of nitrogen. The top of the Erlenmeyer is fitted with a rubber septum cap, through which an 18-gauge needle with blunt (non-beveled) point protrudes to the bottom of the flask. As will be explained later, the contents of the vessel can be expelled through this needle. Also protruding through the rubber septum is a plastic nipple, communicating with a piece of plastic tubing. The other end of this tubing is joined to the exit nipple from the block. Chemical solutions can enter the reaction vessel by this means. The reaction vessel, containing a magnetic stir bar, rests at a slight angle on a magnetic stirrer.
Value module:
Peter Paul solenoid valves (Tipler Corp., P. 0. Box C, Downers Grove, Ill. 60515) were screwed into a table that accommodates the reaction vessel and magnetic stirrer. Two-way valves, Model No. 52H8DCB, were used between the reaction vessel and, respectively, the block advancer, infrared spectrometer, and waste receptacle. A Miran 1-Infrared Gas Analyzer (Wilks Scientific Corp., 140 Water St., Box 449, South Norwalk, Conn. 06856) having a 1-meter pathlength was used in conjunction with an interference filter of 0.08 m bandwidth centered at 4.27 tim. The cell of the analyzer is not gas-tight. Normal breathing near the cell raises the CO2 levels within the cell, resulting in an appreciable signal. This problem was obviated by enclosing the entire infrared analyzer in a large plastic bag, secured tightly around the electrical wires and gas lines communicating with the instrument. A glass U-tube, acting as a safety trap, was situated between the infrared cell and valve module.
Strip-chart recorder:
A Speedomax W (Leeds and Northrup Co., Philadelphia, Pa. 19105) strip-chart recorder displayed the signal from the infrared analyzer.
Dispenser:
A Model DM.73 dispenser was obtained from Roh#{233} Scientific Corp., 2158 S. Hathaway St., Santa Ana, Calif. 92711. 
Continuous-flow equipment:
The system for continuous analysis of CO2 by infrared spectrometry included the AutoAnalyzer Pump I and 20-ft. mixing coil (Technicon Instruments Corp., Tarrytown, N. Y. 10591), and an air scrubber of 1 mol/liter NaOH. The block, block advance, Miran 1A infrared spectrometer, Leeds and Northrup recorder, nitrogen tank, and flowmeter have already been described above. In addition, a debubbler, depicted in Figure 6 , was built. The effluent from the debubbler was discarded. The flow diagram of the system is also shown in Figure 6 .
Reagents
Aqueous carbonate standards:
Dissolve 530 mg of anhydrous Na2CO3 and bring to 100 ml with a solution of human serum albumin (35 g/liter). This is the 50 mmol/liter standard. In four 25-ml volumetric flasks, place 20, 15, 10, and 5 ml of the 50 mmol/liter Na2CO3 standard solution. Bring the contents of each flask to 25 ml with the albumin solution to obtain, respectively, the 40, 30, 20, and 10 mmol/liter CO2 standard solutions.
H2S04, 100 mmol/liter: Dilute 30 ml of concentrated H2SO4 to 1 liter with water to obtain a stock 0.5 mol/ liter H2SO4 solution. Dilute this solution five-fold with water to obtain the 100 mmol/liter H2SO4 solution.
ProCedure
Blood samples:
The blood was sampled by venipuncture, with use of heparinized Vacutainers. These were samples sent to the laboratory for routine analysis of total CO2.
Loading the block: Sample the patient plasma specimen or aqueous carbonate standards with 50-tl disposable capillaries by touching the capillary to the sample at an angle, and allowing it to fill by capillarity. Wipe the capillary and insert it into a hole in the block. After the insertion of each capillary, slide the block shield further on the block, covering the holes of the capillary bed just occupied. After all capillaries have been positioned, load the block (covered by the shield) into the block drive.
Control settings:
Set the controls of the infrared analyzer as follows: Gain = high, Range = 0.25 A, Response time = 4. The recorder then displays a signal proportional to absorbance of the CO2. Using the flow meter, adjust the needle valve on the regulator of the nitrogen tank so that a gas flow of 1.5 liter/mm is maintained through the system. Turn the block drive off, so that it will not respond to signals from the sequencer.
Activate the power supplies to the recorder, dispenser, and sequencer. Signal the sequencer to begin the automatic analysis, The automatic cycle proceeds as follows. The dispenser flushes the capillary sample into the reaction vessel with 2.6 ml of 0.1 mol/liter H2S04. Referring to Figure 3 , Vi opens temporarily, admitting the incoming solution. To prevent pressure build-up, V3 opens simultaneously with Vi. After these two valves close, incubation of the specimen and acid proceeds for 25 s, during which time CO2 is evolved. Until the end of the incubation phase, the nitrogen has been bypassing the reaction vessel through V2B. At the beginning of the recording phase, however, valves V2A and V3 are opened, permitting the nitrogen to sweep the CO2 out of the reaction vessel to the infrared analyzer. The rise and fall in absorbance is displayed as a spike on the strip chart of the recorder. After 20s, and before the tracing has returned to baseline, V3 is closed and V4 is opened. The subsequent rise of pressure in the reaction vessel forces the contained liquid up the needle leading to the waste receptacle. The vessel is then rinsed with 2.6 ml of fresh 0.1 mol/liter H2S04, the dispenser and Vi being activated at this point. Because V4 remains open during this interval, the fresh acid is also expelled from the vessel. Finally, V4 is closed, the nitrogen is routed through the bypass, and the block is advanced one position, sampling a new capillary for analysis during the next cycle.
Cleaning the blbck: Clean the block by passing it under a stream of distilled water, which washes out each capillary bed. Drying is accomplished by passing the block across a strong jet of air.
Calculations:
Draw a standard curve by plotting, on rectangular graph paper, the peak height of each standard (measured from baseline to tip of the peak) against its molar concentration of NaHCO3. Draw a straight line through the points corresponding to the five standards. Determine patients' plasma total CO2 values by measuring peak height corresponding to each sample, and refer to the standard curve. Figure 7 shows a strip-chart recording of the peaks obtained by the automated, discrete analysis of CO2 of The five standards, 10, 20, 30, 40, and 50 mmol/liter Na2CO3, were run in duplicate both in ascending and descending orders of concentration.
Results
In Figure 8 is shown the correlation between 25 values for total plasma CO2 given by the automated infrared discrete assay and the Natelson Microgasometer. Linear regression yields a line of best fit, given by the equation, y = 0.990x + 0.349, with a correlation coefficient of 0.987.
The precision of the infrared method was determined by performing replicate assays on 25 different plasma samples. A mean value of 26.8 mmol/liter of CO2 was found, with a standard deviation of 0.75 mmol/liter. The coefficient of variation of the method is thus 2.8%, as displayed in Table 1 .
The attempt to automate the analysis for CO2 by using the continuous flow system was not completely 
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satisfactory for precise work. Despite many experimental modifications of the manifold system, rate of nitrogen flow, and sampling rate, a high coefficient of variation (-'-'9%) for the precision of sampling similar standards was found.
Discussion
The system proposed for sampling with capillaries and with use of a block has been described previously (12). Although this system can be employed for the determination of any of a number of plasma solutes, it has particular advantages where the analyses for volatile components are required. By containing the specimen in a capillary tube, awaiting analysis, only the areas at the ends of the capillary are exposed to air. Far less CO2 will be lost here than from the solutions in cups on an AutoAnalyzer turntable, where a relatively large surface area is exposed. The block shield prevents evaporation and minimizes the amount of air in contact with the ends of the capillaries not only after the block has been loaded into the block drive, but also during the loading of the capillaries into the block.
Sampling with the capillary system permits complete sample control. None of the specimen is wasted on the walls of a cup. All of it is being taken into the capillary and is eventually dispensed. This is distinct from many so-called "ultra micro systems," which sample ultra micro quantities but require substantial amounts of material in a container from which the specimen is sampled.
Infrared analysis for CO2 presents a specific means of determination of this substance in the clinical laboratory. There is no interference by any volatile compound. Indeed, the region of absorption of CO2 in the infrared is one that is almost universally clear of bands from other organic radicals.
Because of its simplicity, the continuous-flow system was tried initially. After it became clear that no further increase in the precision of analysis was forthcoming, the discrete analyzing system was built and used.
As shown in Figure 7 , there is a discontinuity on the descending side of the tracing of each peak. This occurs because the wash and rinse phase of the cycle concurrently and abruptly curtails the recording phase. Referring to Figure 3 , one sees that the wash cycle commences when valve V3 is closed and V4 is open. Nitrogen continues to flow through valve V2A, but is channelled out at V4 rather than continuing to the infrared analyzer through V3. Since the flow of nitrogen to the gas cell has been interrupted, the concentration of CO2 within the gas cell does not decrease with time. This manifests itself as a horizontal line segment on the chart recording, corresponding to the time interval during which no nitrogen flows to the cell. When V2A closes and V2B opens, permitting nitrogen to enter the system via the bypass, the chart tracing resumes a descending slope.
The wash and rinse phase eliminates any carryover from one sample to another. It indirectly serves another purpose. By expeffing a sample reaction mixture before all the CO2 has been swept out of the reaction vessel, a rapid return of the system to baseline conditions is ensured. Since it is the peak height that is utilized, it would be pointless to wait for the tracing of the peak to trail-off at an exponentially slow rate, until all of the CO2 had been swept into the infrared analyzer.
A non-zero intercept in the plot of the standard curve corresponds to the height of the tiny peak observed on analysis of distilled water, alone. It is a background signal, arising from disturbances of gas pressure sensed at the infrared detector when valve V2A closes and V2B and V3 open, ushering the recording phase of the cycle. Regardless of the concentration of CO2 of the prior sample analyzed, the subsequent background signal is constant, indicating that sample carryover is not the problem. The background signal need not be subtracted from sample signal because the analysis of standards automatically corrects for this, by indicating a non-zero intercept.
There is excellent correlation between the values for total CO2 obtained by the automated lB system and the Natelson Microgasometer for plasma samples, as shown in Figure 8 . The advantage of the proposed system is that it is automated and more rapid than the microgasometer. The microgasometer has the advantage of being an absolute measurement requiring no standards once the instrument has been calibrated. The automated system described here may be applied to the assay of other gases present in blood. For example, carbon monoxide determination on whole blood requies only the replacement of the interference filter with one appropriate for the infrared absorption characteristics of CO. The Wilks Scientific Corp. supplies such a filter, of 0.1-JLm bandwidth centered at 4.62 m, for use with the Miran 1A Analyzer. Also the 100 mmol/liter H2S04 reagent solution may be replaced by either a more concentrated H2SO4 solution or a lactic acid/ferricyanide solution (2) to liberate CO from hemoglobin.
Blood ammonia may be determined by substituting an interference filter centered at 3.00 the absorbance maximum of the N-H stretching vibration of the NH3 molecule. It would be desirable to have a bandwidth sufficiently narrow to eliminate the absorbance at 3.17 tim, owing to the 0-H stretching mode of the H20 molecule. In addition, a basic reagent is required to liberate NH3 from solution. Blood urea may be determined by initial conversion to ammonia, with urease, and proceeding as above.
The instrument utilized above combines two novel features, which together yield a highly specific, rapid, discrete, and automated system for the analysis of total CO2 by infrared spectrometry.
First, the sample-delivery system consists of a block containing specimens in capillaries protected from exposure to air. This is particularly desirable for the analysis of volatile components. Second, the system includes a reaction vessel whose influx of reagents and exhaust of waste is governed by a system of valves controlled by a sequencer.
The system was built with concern toward the incubation of plasma with reagent, the evolution of a gas, and its subsequent wash-out to a detection system. It may, therefore, be used in the analysis of substances other than CO2, such as CO and NH3. In addition, the contents of the reaction vessel may be assayed for other components such as chloride with selective-ion electrodes or by amperometric titration. Analysis of sodium and potassium with ion-selective electrodes or by flame photometry is also practicable. The instrument is thus a general automated analytical system that permits analysis of components from samples held in capillaries.
